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PREFACt 



Ifi llic p;ist half centuiv usl ro iininurs luive provided iDiuikiiul with a nosv viuw of the 
tinivvists wilh lilinujses ol 1\k luiliiiv of inCinils' niid uicrnity tluil hcpyar the iiiiaiiiiiatioi]. 
|-articiil;irb . ifi tlic past dccackv NASA's oiiiiliiig sput;ci;nif^l us well as grouiiddiused 
astronoiiiy hiivc^ l>i-uti|xli( niun's allciition hcnvcniy iM)Hies. suiirriN {)\ enemy, stellar :iinl 
galactic plieiinincn;!, aliuiii Ihijnatun: (irsvhicli the wcirlil 's scion tists can niily suriniso. 

l\nUTic ihrsi' ip'u (Ms^'()\vr)rs may iislinii^iiniTs look Ia) anlici[)atcd SjniLC 
IVIcscopi* iv |Mi)W'iilc iinproviHl nndiTsliiniliniz (if thisc iiluMioiik'na as well as (>!" Mic new 
sucrels (if Ihu cosnuis which nicy oxpcet it to unveil, This inslriinieiit. vvliicli can uljscive 
nhjecis np \i) M) U) I ()() t iincs lain ler than iliuse ;iecussih|e U) the iiicist jinwerlnl liarthdiased 
lelescdpes usifig siinilar techiiiii uch, will exteiul thu tisu r>r vnricMis astronoinlcal nielliods (o 
much greater vlistanccs. It is not iiiipossibk that (jbsurvalit)iih wii h this telesc(M>e wvill provide 
gHiiif^ses of sunie of tlie eurliest galaxies svliich uere fornicd, ami there is a reiiioter 
p(^ssihility that it will tell iis stiniething ahout tlie eelgc of the uiiivcrse. 

The researches of the |>ast in years, plus the pussihility ai' even inure fLiiuhimental 
(liseoveries in tlie next (leeiide, are fuseinutin^ laymen ami firini: the imaginaiion uf ycuith. 
NASA's inqtiiri^s into publie interest in the spuuc program slio^ that a nuijor source of such 
interest is siellar aiul gulactie astronomy. NASA's eiud)ling Aut, the Spuce Act of ! 95HJists 
a priniary purpcxse of NASA, ''the eKparisian of luiinan kno^lLHlge of plientimeiia in the 
atniusphere ami spucu": tliu Act reciiiires of NASA that *Mt pruvidu for the witlest 
praetieable ami apprupriutc disaeiniiiutiun uf iii lurinatiun cuiiceriiing its activities and tliu 
results uf those act ivitics."" 

In the light of the aliove, NASA is publisliing tbr science teaeliers, particularly luaehcrs 
of secuntlary schQt>l chemistry, physies, and Barth seieiice. tlie lollowing tour booklets 
prepared by the Anierican Astronnm ical Society (AAS) with the eooperation urNASA: 

Thv Supcrfiova, A Siv/la^' Spiriuck^ by Or, Straka JJepurtnient of Pliysics, 

Jaclsson Stale University, Juckson, Mississippi 

I':xiraHakic(iv AsiNuioniy, The L/niirrsc Bcw/id (jur (iahxy by Dr. Kenneth C\ 
Jacol)s, Depurtincnt of Aslranoniy, University of Virginia, Cliarlottesville, 
Virpinia 

awmistry Beinwn thv Siars^ by Dr. Kichard Ik Ckunmoii, National Radio 
Astronomy Observutory, Charlottesville, Virginia 

Atoms In Asmmnnw, by Dr. Paul A« Blunehard, Tlieoretical Stutlies (^roup, 
NASA fioddard Space Flight Center, Greunbelt, Nkirylantl 

The National Science Fniintlation has cooperated In this project by lundiiig fur tlie 
AAS a Higli ScTiocl Astronomy tulucation Workshop in June 1974 at the Uriivursity of 
Richniond in order to give the manuscripts a thorough pedagogic review in terni^^ of 
currieular reluvunge and clnssrcioni use. The r<!siiltirig publigatioiis provide exciting uce()uiits 
of recent discoveries in the cosmos, and of the nature of the scientinc thuiighl and 
techniques by whicli scientists are tryinM to understuncl these diseoveries, 

iii 



N\SA CKprt^Sl' . |?s ;|ppircui|inf} in fliO :illHli)Is ilild in llu* liit'lDhtMs nt (iu' AAS I'ilsk 

tirmip oil I (liK'nlinii sn AstuHKnny (r(fl:A). wlinsc lmiI liiisiasi n iiiul t'ih.*ri»y .nriiLHl (he 
Pi^'M'ci lo riMiiplrliniK irl ir ul.ii Iv h) I )?", (ri^MTif I . Vlm'scI I III 1 1", Nnv-tor of (lio I'iske 
Plniu kirnitn, UiiivvMsity ul ( Olor.itln. ulin sim v hI lis Diruutor' c>f (hi' pn?icr(: Dr. Duiiiit Ci. 
W.Mi!/.H, Aslioijiiiny \*wiun\\), IlinvLMsily dl' \l;iryhiniL If ii( iiitnr nl^ llio jinMi^M; 
Kfinnp Mih^Miu'r, Jt,, \)\\vc\i)[, \\u: Savnvc MiisiHtin of Vn|Uiii;i iiiul (1i;iirinaii nf ilic T(i liA, 
who srrviMi us Wuik^lHip l)iivclor:iiiul IKMiuiiii XKIiirin, r>:i*cu!ivc OrhciT nf ih^' AnRM'ii'iin 
AsdtMToniH'.il Spcio(^'. Tn (Inisu wlu^ wimt I'ninlk'd in (Ik* Workslinp iind in nilu'is whusu 
III' IjUMni 111 ;iiu! siuM'csl uuis lu^ipcul I'ivi^ (lu^ ijKinusci ipt s ihc iiOL essiii y sL iciUillc (inil 
A\ iricuhn ^ i! ahl\ . NASA i:. Lii aid uL 

A ppiru-ii inri js iiKn osj^ri'ssrn In llu' NaUnii il SniiMUH' l omnhihoii Inr its siippnri nf 
iliu \V( Mkshnp, (i ? I hn i !n ivursily of Kit. hiiioiul tor .Is i omIi. il uiivi I k i^Mil survitu us hnst In 
llic Wnikshnp. and ((» thn NASA (.oihlard Sp:hi^ kliulil (Vnlcr for ils assislancc m making 
pnssihio thu | Mih| ic;} (inn ol [his prnjci-t. 

Icclinh/al Monilnr lor (h^' prnJuLl was \)\\ N.incs \\\. lio^^^css, SlalT Astronuiner. 
Astrtipli>'siL's l)ivisii)n. Oilkc urSpncc Suiiaicc, NASA, ( nijnhiialors i?!' (he pri)jocl ^ l)t\ 
Nancy HcMn;in, ( hid". .Asf rniH)niy/l<i'lalivi(N\ ()\t'Wi^ fj| Sp;uv Scieiu'c, NASA, ami Dr. 
laudorick H. 'riilik. I)ircc{()r. kdiiciilinnal Pin^ranis |)ivisii)n. Oliico nf PubliL- Affairs, 
NASA. AssistiiHz iiniil his rcliivnicni in Junu hn4. was \U\ MyrI Ik Ahroinlk histriic1ic>iuil 
MatiMiuls OITiucr. kdiiLaiiuriiil Prouraiiis Division, 

Scptcinbcr h>7h Niitiunal AeroiKiii lies ami Space Adniinis(ra(ic)n 

_ W;isliiim(uiu \)X\ 
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INTRODUCTION 



We live on the thiiil planet (of nine) orbiting our Sun in the Nahir systunu The Sim 
rutlier onlinary star residing near tlie periphery of a gigantic systuin of 100 billidn Htars 
whicli we call our Milky Way Galaxy. Outside our Galaxy lius the rest of the universe, 
populated with nuiltitLules of galaxies and other stniiige denizens; this is the arena with 
which the young field o{ vx fni^alavtiv asfronfunv conceriis itself. 

This single-topic brochure is for higli school tcacliers of "^physical science.'' Using it, 
they muy introduce their students to a vital area of modern astronomy, Our goal is to 
provide a sense of 'Svhul has been ibund out there'' by eKtnigalactic astronomers. Tte 
muteria] is presented in three parts. Section II prDvides the fundaniental content Qf 
extragaluctie astronomy. In Section III, modern discoveries are delineated in greater detail, 
while Section IV sunnnurizes the earlier discussions within the structure of the BlR-Bm^ 
Theory q{ evolution. Each of the three sections is followd by Student Exercises (activities, 
laboratory projects, and t|uestions-and-answers). 

The unit closes with a Glossary which explains unfaniillar teims used in the text and a 
collection of Teacher Aids (literature references and audiovisual materials for utilization in 
further study), 

Kenneth Charles James 
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FUNDAMENTALS OF EXTRAGALACTIC ASTRONOIVIY 



A. The Milky Way Galaxy 

lixtnii^ulaL-tic: astrononiy is tliu stiitly of cvL^rylliiiig outsidu cnir uwn Milky Wny Cialuxy. 
Hclore uning huyond it, huwuvcr, hIiouIcI first prcparo oursulvuH by undurstuntling 
tlioruLiglily our own Gnhixy. [t may surprise you to learn tluit it vvus nut "discovered" until 
ahuiM 1030 A, D. 

In u clurk, clear, night sky, three items are always evideiit to the lUiaiLled hujiian eye: 
(1 ) several unblinking phinvfs of our stMar system (and often our Moon, but never Neptune 
nor Pluto); [1) about 3000 twinkling v/^/^w; and (3) a dim, irregular band of light arching 
from horizon to horizon called the Milky Way, Around 425 B.C\, the Greek pliilosopher 
Deinoeritus conjectured that ihe Milky Way conHisted of niultitudes of faint stars so densely 
erov/ded together as to appear as a luminous band. It wa^i not until 1609 however, 
that this guess was verified by the Italian, Galileo Galilei, using one of the earhest optical 
telescopes. His teleseopo revealed millions upon millions of stars surrounding our Sun, with 
the greatest concentnition in tlie direction of the Milky Way. 

In the centuries that (bllowecL men speculated upon the physical nature of the Milky 
Way. Some astrononiers even used telescopes to count the numbers of stars visible in 
dilTurent directions in thu night sky. By 1922, it was believed that our Sun resided at die 
center of a tremendous, nuttcned (disk-like) system of stars which appeared on the sky as 
the bund of the Milky Way. Some scientists even believed that this star systern filled the 
entire universe! 

Soon thereafter, however, this cunception of the Milky Way Gakuy was shown to be 
erroiiTOus; the Sun is not at the center of the Galaxy, and the Galaxy does not fill all space. 
Already in 1917 it had been demonstrated that Mlolntlar clusfcrs (each u dense cluster of 
about 500 000 stars) are scattered throughout a spherical volume, with the Suii neurone 
edge and the center of the Galaxy about 30 000 light-years distant toward the constellation 
Sagittarius. (One light-year is the distance traveled by a light ray in one year at a speed of 
300 000 km per second about 10 trillion km.) In 1927, studies of the motions of bright 
stars indicated lliat our Galaxy of stars rotates about the same center in Sagittarius. And, in 
1930. it was further deterniined that intentullar dust pervades the galactic plane, obscuring 
distant stars and parts of the Milky Way such that the galactic center is hidden from view 
and the erroneous impression is created that the Earth lies at die center of the star system. 

VVjiile the tietailed struetLire of our Galaxy continues to be deciphered today (especially 
at nulia wcivvkngilis), it is possible to present a general picture, as shown in figure L About 
100 globular clusters (G) are in the hah (H) spanning 100 000 light-years, Most of the 100 
billion stars of the Galaxy define the rotating galactic disk (D) and the bulge (B), with the 
dense stellar nuclvKs (N) at the gakictic center. Bright, young stars are found in the spiral 
anus (SA) in the central plane of the disk, and our Sun (0) lies 30 000 light-years from the 
center near a spiral arm. 
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SIDE VIEW TOP VIEW 

KigLiiV I 



An analogy will assist us in uiiderstaiulirig the uxlent of our Oakixy. Imagine tliul tile 
Sun is rtHluQed to the size of u basketball. Oil tliis scale, the Earth is a BB pellet 30 meters 
from the basketball^ and the solar systcni has a diameter of 3 km. The nearest istar is unother 
biisketball 8000 km away. FMnally, imagine 100 billion basketballs scattered at similar 
separations in a disk 200 million km a loss, and you have a model of our GalaKy reduced in 
scale by 5 hillion times! 

B. The IMebulaa Are GalaKies 

The universe outside our Milky Way GahiKy h populated by many billions uf gal ics, 
luich galaxy is a well defined system of billions of stars, held together (like our Galaxy) by 
the attractive gravitational forces of all the component stars, 1he typical distance separating 
neighboring, large galuxies is about 3 million light-years, so that today we "see'' tlicse 
galaxies by light whieh aetually left tliem millions of years ago, To visualise the rather 
crowded distribution of galaxies in space, consider this: large galaxies are spaced by about 
30 times their own diunieters, so a useful scale model is to imagine billions of dinner plates 
strewn 10 meters apart in all three dimensions. The mind-boggling picture, showifig our 
enormous Galaxy to be but one of many sirnihir systems, became clear only after December 
30, 1924. On that date (which many consider the birthdate of modern extrapalactic 
astronomy)^ the American astronomer, Bdwin \-. Hubble, announced the first proof that the 
nebulae are actually other galaxies beyond the confines of our Galaxy. Let us recount the 
story of the events leading to Hubble's discovery, 
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\\i ik'si'i'ihi' 11 ilini, lU/'/y piiUMi of \\\\\\{ i li lliu iiii'lu sky, iislroiKJiiicis use (In* U(>ril 
ff'/f-ut/ii ll;iHn \\)\ ^^MnUil": llu' |i|iini! is lu'lnilnr). /Ns i*;irly ;is 1^7 Ji.C. , thr (hvok 
aslriHKiiiiL'r, 1 lip|>;ijvlius. ivumhU'cI :i Ilmv iiiikinhuyc iihsLMviil ioiis of n^'hiilar ninoriii I he 
''\\KVi\ sUirs/* Will] tlU' invriiiioii nl' ihu c^plicul IcK'sinpt' A J,).) Jiiriic iiimihcrs of 

lU'hiilviL* lH'j:;iii \n \w iliscovoivd niid Ciil; ih|X'iL Hy I755,si) iiuiny Inal InnMi Iniitiil Ihiittliu 
(iiTMiMii pliilusoplkM-, liiiin;iiiiiul K;iiiL hohllv sp^'culitk'il thai tlic^y wimc "isluiul iinivursc s"" 
( like niir ( 'wii ( iiihisy ) sc;iiU'n'U lliroii^' lu mi 1 in tin ilu spiiriv (Tlia I Kii ii( \ iii le^s w.is i^ssiMil iiilly 
cni ivci wns iiul known fur nlinosl J()() vlmi-s! ) 

I hiMi I llu' \^ i^lPk UMi caLilt if s < i! \\w \]^:h\\\w, Miiij^lil) his mmi 1 ui" ( f ;/Nt'/,s, 
\\w rrcncliiiiaii, ( 'li;irjos MuHsii'r. in ] IH\ piihl islii^^il .i lis! (if I ().^ ^'Mcssior lihjccls" (Tor 
I'NJinpli-', llu' iiciii hy A i!(.h-fHjii-(h i^iifj.vv is cuIUh! M.) I ) . j li<.'rc;i t ihu Hsis (>!' nchuIiK' lTl^w 
f;ipiilly, iiiiiL in \Hi)4, ihc (iiiHi\il i/'<iluir}\iin.^ {>! Srhfihjc ;ippc;irc'ik Ci)nt;iiiiinL: >()7M olijcuts. 
AiHillii.M runiniis list, tik' Scw^ (irm-hjl ('iHnliJi^nc. liihii IiUulI 7N-1() iiuhukK' in IHHH (in il, 
\\M IS ikMiolcd AS K(\C 114). liy hHJH. iiU5iiM hun I5()()() ncluilac :ippu;ifvtl in ihu lUiU'X 
( '((iah\:t{cs iw] wiiich :i ly piciil iii' hiilu is il L'si!ui;ilc(L Inr cKiiiDpks as 3 10). 

By the 2ih\] L'eiitury, liirtie ujMicii I t clcscopi^s iuul rvwuknl that sniiic oI'IIil* iiubiihieaiv 
^fur cfustcrs (jiu'liuliiiii i!h)hii l;ir iHiist vi s) In our ( iiilaN^y, riiusciuMicu ul^ s/H'i/njscf^fu- showed 
;i tn he ciniicis of glowiiiu [iiis \V'ilhin llic (iLilaxy. (Spcutrosct^py lusi [luveloped in the 
PMli ciMitur)', It (jcinsisis (jfd) si-pa rii tiii|i tlie light Iroiii iiii tihicct into its coiiiponcnt 
colors; (2) iiDtini: the relative intuiisiiies ok t In^ ilirieiTnl et)kii^s; ^ind {3) dee iphering the 
intensity i^ultern in lernis of tlie pliysicul iircipurlius oft he liglit^LMiiit tini! objuijt,) I lovvevcr, 
tlic n:ituivi)l most uk the iiehulac i^einaiiicd iniknown ami as my sterioiis as ever. 

Jhc l)reakthr(iiiiili uamo sk)^vlyv krt>in t he Uist clecacles of tlie I^Uli eeiitury, nfrnjc 
(plunil i)( the Latin word ihivu nieiiiiini! 'hiew slur") were (ibseivecl in some of the 
niysteritHJS nelnihie. Sinue sev^ernl of these -'escploding"' stairs are seen eueli year in OLir 
(idUixy, it was aruueU that tlie nchulaeaiv s tiir systein s like cnir Cia laxy > By h)lH,tlie greul 
I52=cni antl 254-cni optical telescopes hud keen ereeieclon MoLin t \Vi Ison in Calilbrni^i, inid 
I'tlsvin p. I[ul)b!e LisucI Ihein to ta ke liii^li^resoliiticjn phcMogriiphs of the nebiikie M3 I and 
\J33 jihotugraphs whicli jiro^eci these nehii hie t(i bciinniense star systems. The pu/^zks 
Innecver, still hiekecl one piece flu^ Jisinjices tf) /he nc/iuluc: it wiis u tiiiestian of Nvhethur 
the iiehLilae lie within our Guluxy or furbcyc^ncl it. Ihibble i^usnived the problem in 1924 by 
photugruphicully itientify inii (I'pJnid vciyiiifik' shm (see htjkn\/)iii M3I and shawing that the 
galaxy in AiiLlronicclii resides niillions ok lipht-yeLirs heydntl our Galaxy. In udclition* 
hetween l-)24 and 1-^3(1. Hiibhie used the 154-Lan teleseope to eaunt the nuinbers cif 
neluilae in ilirierLMit parts of the sky, The ne In i la e oeeurrcil evcrywhei'e excejH a(a}i^ the 
haud nf the Milky ItV/r, as wouhl he expeeted for distant yala^ies beyond the dusty 
ohseiirity ol^ our ualaetic tiisk. lie termed tills area the zofic o f uvokhnve/' 

A CVphcid variable star is a very bright, giant star v/hich rhytluiiieully pulsates in hotli 
size and brightness. I1ie niinie derives Vmxw the Urst oj^ its type lc)und Delta Cepliei. Tliu 
brigJuness variations are eyelie, with the pattern repeating itself iiui t iiiie called {iK pcrfoiJ. 
While the period may have any value tVoin a few days to ahpiit I 00 days, each C'eplieid luis a 
wellnlefined period and uveruge brightness, Ifenrietta Leuvitt iit the Harvard College 
Observatory Htudied tlie Ceidieids in the^Vi/M// Mandtuiiic Chnui (a small satellite galuxy 
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only ISO OOO lisht-yyurH Iroiii our GaliixyK andun sh^ iliscoweil tlm 

lAumasity \m: ''Tim longer puliation period of Ccplidd v^iiriabb ,tli*c greater is. its 
werage (intrinsic:) briglitiiii^s.^' Tlio ubBolutu brightiiess ^^riil^ ms thm culibratea by 
obscrvi iig tieurby Cepliuiilsiiiourown Giiliixy, 

The iiebiiliie becujim ''giilixia'* in 19^4 ^lieii Hub fouritl Opliincts |ri 1^31 , lie 
jneasurcd the fliictiiution in thdir periods of briglitiit^s^ anU tlit^lr iiveiTig^ uppard^nt 
lm^\\tnmak <Thu Poriol-Lmn int>sit/ histoid hini tliiur (iv&Tiigc (/Avn/^/f^ briiitiwsse^^,) 
RecjiiHiiig lliut a llglit saira appeiirs dinim^r us tliu iiivefsu sqiiui'o of its cliHtaiiQe way, 
Jiubble t'iniill^ deduced tlit^ JistuiiL^i; to hl3\ (milliari^ of ISght-a'L^afs -^^ far beyond Air 
<]alaxy 1 by co mpiiring the iiymiren t iiiid ab^ol lite bright resscs Ce j)hei(U iii EVl3 1 , 

C CNsiHying Gala)dis 

Just us every siiowfliik^brliii^urj^riint) isiiniquy, no tsvo ^iilu^ius lire kleciiigiil iiiloriiK 
ilovvever, fcy the bcgniiing ot* the 20th cm tLir3', several broLiil tyrpus of" plm^ stniDty rgs 
mr€ reco^ni?:tHl such tliiit it btjcarno im'fiil to elassiiy Iheiii uccording to ;i siiiipb ^diur^iu. 
tlerrce, a das^illcntion selioitj - known us tho 7iniJn^ Far'k lyim^'iinr - (lig, 2), vviis 
developed by Hdwin Hubble in 1925 lining lihotogriipliH t akt^ri ut tliekirgust optieul 
telescopes. 

At the left or the htm m i^lli^nU'ol ^laJhs^^Hoh^^pm on the nky u& mioDtHly 
iiiniiiioLis ovals (tluit In, dlipse^^; vv^mls%ii thnn thalettur Ibllp wed byii niuiibur wlijch 
incrcastsH rroin 0 to 7 us th^ Ibrin ;ip|?^nrsmo'^ *iiid inaie donyntcd. ( EIHptieulH raiig^ 



Sa 



Sfc 




13 

6 



^fmr^ with 10 trillion aim to chvufl's with only 1 billion. Prouctftling towml tlie right, wu 
riiul the lentivtilars, or SO mhtsks. \y\\\c\\ look like very Hat ellipticuli^ with pointed edges 
(or, perhaps, spiruln seen edgu^on). Thu next liroud cliiss is tlie^/i/r^//"^ato/c*^; thuy nppcur an 
giiint pinwliuels or ligl Lisuylly with a luniinoLis vmtrul rvgiou inid ^piralmm trailirig away 
to both sides of tlie center. Narmul spiriils are dusignuted by the Letter S, tbllowecl by a, b, 
ore us the ueTitral region bucunics less compieioiis with respuct to tliearins, (Our Gnkixy is 
bdieved to be an Sb spiral galaxy; see fig. I.) If the cuntrul region appears as un elonpted 
har of light, we eull the galujcy ii bmcd spml\ here the synibol used is SB, Ibllowed by a, b, 
or e iis the aniis become less eircular and more puteliy. (A spiral pki?cy is a very flat star 
system so that its visual appearance etiunges drastically when we rotate it from a laee-on 
view, seen rrom above, to an edge-on view, seen rrom tlie side,) Fin^illy, oii the far right are 
^ the/mwA/^'v (with the symbol Irr); these consist of plaxies which uppear too eliaotic to be 
included in any of the preeeding cutefiorles. (We \^ill learn subsequently in this pLiblicatiun 
that imusiial ajul violent events are taking place in some gulaxies. When a galaxy shows 
visible signs of such peculiarities m optical jets, a super^bright micleus, luniiriuiis 'Mail/' 
evidence of an explosion, etc., it is termed and given the synibol Pec.) 

Il is u eonimon mistuke to regurd the Hubble Tuning Fork Di(igram(fig, 3)asim -^ige 
progression" or "evolutiunary sequence." Some renowned iistrononiers have suggested that 
galaxies age and evolve through the sequence E SO S Irr, while utliers have proposed 
Just the opposite ordering. Today, we are only certain that we ih^ mt kiH>wi\\m^^ , the 
safest path for the reader is to regard figure 2 only us a ''nieniory aid.'' 

Figure 3 presents a montage of fourphotogriiplis of typical guUixius. ItshouUI ussist you 
in recognizing the dirfereiit classes of galaxies. Photograph A (YerNcs Observatory, upper 
let^t) is the E5 elliptical galaxy NGC4621 , which is also a Messier object (M39). fhotograph 
B (Hale Observatories, upper right) con taiiis an edge^on view of the Sb (?) spiral NGC 891 ; C 
(Hiile Observatories, lower left), a tace-on view of the Sc spiral NGC 628 (W74); and D(lljle 
Observatories, lower right), the SBb barred spiral NGC 1 

Clusters of QiiaKlas in Spaca 

Already in the latter half of the 19tli century, it was known that the nebulae outside 
the band of the Milky Way appeured clumped on the sky. Toduy, svu reeognii^a that^/^^/cv 
lire notmiformly smttmclm ,v/>^cc^; Inste^ul they tend to reside \\\urmt)s and huje cUisicrs, 
soiTie contalnhig i\% many as 10 OOO inember galaxies. The term, fidcj giilmy, is used to 
describe a galaxy which iloc^noi seetn to belong to any recognizable cluster. 

Since the uvmi^c separatiDii betweeii plaxies in the universe is 3 nilllion liglit-yenrs. 
the galiixies in a cluster must be more densely paekeil together with s|nicliigs of only 
iibout 300 OOO light-years (or oven less). In our ^'dinneri^late model,'* the crowded situation 
ill a cluster of galaxies rnay be represented by ii three-diinenslonul grouping of diiiner-phites 
scattered 2 tii apart, 

Oiir Galaxy belongs to a small group or about 20 galaxies called the£.fir^/ Uroup. Most 
of the niembers are dwarf plaxics, with tlie three dDniliiant giant spiral nienibers: (1) our 
Galijxy, (2) the Sb Andromeda galaxy (NGC 224 nr N31, about 2,2 niilllon light-years 
distimt), and (3) the Sc spiral (NGC 598^ M33 in the uonstellation Trlangidumaiul slightly 
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sinuller tlum the Sb Aiulronieda galiixy), Tiiu iicarust hir^^ cluster of pla?(ies Is llie 
1 OOO-nieinbLM' Virgo C'luster (in the constellation VirgOj iibuiit 40milliDn liglit-yuurs iiwuy). 
Other woll-kno\vn rich clusters ure Canuu Cororu Borealis, iind tliu IfurcultsClustur whose 
center is shown in figure 4 (Ilalu Observatories, 508-cin telescope photograph), 

It luiN recently lieun conjectured that clusters of plu^ies \my nggregute into 
treinendcnis supcniKsiers that is, clusters dT clusters, This Idea is still unprovcn: incIauK 
Ihe clusters appear to he unijhrmly scattered pn the sky, On the other hand, the most recent 
results seem to hidieate iiustvnn^ ofi every scak*, from tsvog^iluxy ussociutions to the entire 
iiniversu or^uluxics! We still uwnit the final verdict. 
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E. Hubble's law of the Redshif t& 

U> this poinu ihc ruiidur will linvu pLMLvi\cJ llio LMiiiiv Linrvcrson}' iiHhixics as \nsl in 
si/c iiiul u>n[LMit hui ralhcr static, 1his picUnv (il^i inoijdnlcs^ uniwrsL* was sluitteivcl in 
\')2') \v\\c\] Ixlwm \ \i\hWW aiinoLincLHl his Luw nf /he Hnts/uns : ^'Ihc ilinijiier a staiuhinl 
ii;ihi\y ;ippc;irs. iIil^ iiivalcr is ils ivtlshif!." TIil* simplcsl coiisistiMil intLM-priMalitin of 
Iliibhic s leads ii^ ti) iUv siuUMncnC '\MI jialasius are nicivinuauciy hry])] our (iiilaxy a! 
speoils whiLli arc diivctly pnM^nriinnal i() [\w\y tlisianccs trum us," Ihiis, wu livt' in an 
L'NpaniliiiLi universe (U'lialaxies! 

lluhhleV ivinarkabic ilisLuvury inorits cl(>ser scrutiny, Inr, in u iitlLTsiandiuii il, \\v 
achit'VL' iiiiiHirianl insiuht iiitn ilu' aivna ni inoilcrn uxlraiialact ic asiruiKJiin , These Ihrce 
riiiulainonta! ihcories iinileiiie HuhhleN law: ( I ) the rvilshit!. {l \ \ he l)i^i>j)hr Ijh'd, and {^) 
siai iilurUv^Hiilk* i lis la nees . 

\\c SLV nhieels fiy llu- liuht whieh ennies lo us Inuii (hein. l iiihl nf a uiven e(di)r may 
hv iluHiuhl of as a waved ike ilisinrhanee of uleclne ami inainKMic I leliK l raveling: lhn)upli ii 



1 a 



vacuum at thu spi'cil o( light (c - 300 000 km {Ut s). The colar h cijiiivalcnt tu the 
vyavdength* X, which is the Llistance between successive '^crestN'' of the wave, Ingenural, thu 
liyht emittetl with wavelength X^^^^ by iiluniintnis bady (sueli its a galaxy) will by /^/whtc/ 
on Earth to have thtulifferent wavelaiigth, X.^^, upon aiTivuL Wlieii X^^,^ in ji|rc'(/f f/ic/// X , , 
the observer regards the Hght to be redder thiin \vas eiiiitted, uiid lie deiines the mIslifjU-, 
as: 

When \%kss than , we say that the light is hliicshiftecl The reclsliiri and blueshift 
are zoio when X , = X , 

At first glance, it WDiild seem ditTicuU to shift the color (wuveleiigth) of light. 
Ilowever, in 1842, the Austrian nmthenKiticlan, Cliristiim Doppler, noted that wavelengths 
are altered vvlien a wave source and an observer are in ivktlve nu^tian along the line jojjiing 
thenu Today, we gall this the Doppkr Kfjeci. When u light soiiree rcvcik.s tram the observer 
at the speed v, the light waves appear '^stretched out" to the observer, and the light is 
Doppler rcdshifted by theumount: 

(This Ibninila is accurate anly when v H n\uvfi smaller tlian t ) Kor cxaiiiple, Hpectroseopie 
studies of the light tVoni a nearby ^tur nii^ht indicate z = 0,001; we tlieii say based upon 
the Doppler interpretution of this redshift - that the star is inovini* away from m at 
l/lOOOth the speed of light, or 300 km pers. 

The third ingredient in llubblc'sluw is the cxtrmifiiciic ciisliifuv svulc. How can one 
aceurutely and convineingly deterniine tiistances of niilllons and billions of light-years? 
lixtragaluetic astronomers utilize staiiikiiciHWtcllv ilisurfccs wliiuh — disregarcling the 
practical complexities and uncertahities invDived lire eonceptually ratlier simple. Suppose 
thut all Sb galaxies have the sunic mirtnm' hrigh/ncss - that is, they are '*f;tandard candles*' 
(like lOO-watt light bulbs). Then, the dimmer an Sb galaxy appears on the sky, the farther 
away it is. In lact, the apparcni hiighnu^ss Is inversely proporUamil (o the square of thv 
tlisianca. Once we have calibrated the aetLial distance to one Sb galaxy (as Hubble did for 
the Androineda galaxy using Cepheid variables, assliown above), tlie distance to every other 
recognizable Sb galaxy follows immediately Irotn its relative apparent brightness, (For 
excimple, an Sb which appears nine times dimmer than M3l would be three times more 
distant, or a distance of 6.6 niillion light-years.) We can now appreciate the historical 
duvelopmeni of Hubble 's law. 

Between 1912 and 19:25, spectroscopic studies at the Lowell Observatory revealed 40 
nearby gidaxies whose light exhibited redsldfts; these could be interpreted us motions away 
from us. Hubble observed these galaxies, compared the apparent brightnesses of their 
brightest observable stars, and deduced distances to them. By 1 929, ho liiid sliowii thiit the 
redshifts were proportional to the distuiices, aimounced his Law of the Redshifts, and 
proulaiined the concept of the expanding imiverse. The measurements were tlien pushed to 
ever greater distances (where individual could not be seen and entire galaxies became 
standard candles), so that, by 1936, llubble's law had been verified ont to a distance of 
one4ialf billion light-years, Further progress had to await the conrplelion of the SOS^eni 
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npticul tulcHcupc Lii Muuiii l^il(>nuir in nililbriiiu. uial the ivdNliift proymm resumed in 1, 
Today, we know iluit lliihblu's law liolds to tlw hirgust guluctic rtfilsliirt meusuiviL : * 0,461 
(tor the riHihf Mukxy iC 2^)5, see Subsccticin IILA., hclosv), conespunilinu to recession tit 
about hnlf the ^peud i)f light ui a diHtunec of approxtniulely 6 billion Hiilit-yi^ars, 

A UKeful cnmpiilLitional formnlatiDii of Hubble'sUiw may he written as: 

V ^ JlcJ 

where r h the reeessioiinl spcud (kin per s) aiiil is the distance (inillion light-years) of a 
galaxy, rhe synibol rehitiiiii them isrlie fuinous Ifithhfvi ftNsfiinf JJ, whieh hasthevnhie: // 
" 20 (km per s)per {niilllcin liglit-yeurs). For exuniple, a plasy at the ilistuneenr tlie center 
or the Virgo CUisler U - 40 milliun liglit-yenrs is moving; uNVuy Irum lis at the speed ^ 
20 X 40^ 800 km pur s. 

F, Modern Disc€\/^ri€s Sutninarfied 

The first liiili' of tile 20lh ecntiuy siisv the birlh cif exlraguhielie astronomy and the 
reuli/ation that its arena Is ilic expuntling universe ol iiudiitiuk's uf clusters t)!' galaxies, Tiiis 
was acconiplished by I'jbservatioiisur visible liiiht urrivinii at the harth's surlaee, The nuHlern 
eru ur extragulnctic astronoiny may be dutetl from the end nf World War II, when advanced 
technology opened new ohservinii ''sviiulows" to the uiiiverse: (I) the hifhiivil and railia 
wiiulows through the luirtli's atmnspliere. and (2) the iiliraviotvt and X-niy vvindows froni 
spaeecraft above the atinosphere, 

The varielieH at' L'tcvtrumu^nvtlc niilktiUm should be elearly undcrstoad hefore we 
proceed. The wuvejeii^th, K, tif light was nientioiied in Siibscctinn IM% Visihic liglitlsiine 
example of elcctronKignetic riuliutioni with churueteristic wavelengths in the raitMe X - 
4000 A (blue) to 7000 A (reil), (A is the ahhrevi^ition for Afmtri)fn, a unit uf length 
e(pialling I lOOOOOflOOth cnu Tliere are 20 000 wavelenplhH of green light in one em/) 
Longer wavclenglhH or electroniagnelie radiation are ternaud: {\)i/ifhnvU tbrX^ 70Q0 A to 
0,01 cm, nnd (2) mlio (ur inkrnwaw) Ibr longer than 0.01 cni. Shorivr wavelengths 
correspond to: ( I) uttrnvhlvt Ibr X = 100 A to4000 A, (2) X-my for X = 1 A to lOO A, and 
(3) i*urnnui ruy for X shorter than 1 A* Astrcnoniical nhsurvations from the surface of the 
fiartii are severely liinitud by aiir atniosphere which is opaque to all eluctroinugiietic 
radiations exci^pt visible light, some infnired (\ ^ 7O0O A to 0,001 cni), and radiD waves (X- 
0. 1 cm to nbout SO in). 

With new lools and '''wimloNVs'* availahje, the svay was paved Ibr several signiricunl 
discoveries during the Uist tpuirter eenHiryi let on brietly diseuss the following: (I) 
extragaluctic raclio stiurces, {2) exploding galaxies, (.U the t|Uasars, (4) cosndc micnnvave 
bnekground radiation, und (^) extragalactic X^ray snurees, 

The American, Karl (i.Jansky. opened our '-nidici windcw'* on the universe in I93I-2 
when he detected radiii waves coining to the I^arlh from the Milky Way, fie did this witli a 
large antenna and very sensiti ve radio receiver a sophisticated vVrsion of your own lionie 
radio set. Large radio telcHCopes were constrneteU alter World War 11^ and, in MWb, the first 
exiragalaetic nulio source was iliscnvered (Viuius A in the constellation Cyyitus. AmJiiJ 
sounv is a U)cali/e<l region oflhe sky from which radio waves are ohserved to come. By the 
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hilo n)50's, miiiiy siich radio stnirucs wore known, iiml some were \\)uvu\ to be eiiused by 
dmi elliptiLTuI galaxies rhu* sn-callc^d ruilio kialasius. Iii the 14)60's, tithers were usHtieiuted 
witli cxp|niliii|» pulnxies iiml ijiuisars (see below), (Railio soiircesnre eonsitlered rtirtlier in 
Siibseelionlll.Aj 

I'xom our presentation fur. you iniuht tliink that all galaxies are nuijestie stiir 
systciiiN. with some izas and dust in tlienu quietly pursuing their existenees in spuee. InclcecL 
inost ustroiioiners thought the same until quite recently. In 1943, however, Carl K. Seyrerl 
(prtmouiieed '^see-lurt") diseovcred some spiral gulnxies thuSn jl'tf U(iluxivs with stiuilL 
bright nuclei (centers) trom %vhidi gus clouds stream at expansion speetis around 1000 km 
pur % Ailditionul evidence Ibr^aliiclic ^^violence'' came in 1%K when the irregular galaxy 
MX^ was teleseopieally photographed und its core was tbund to have undergone a tiluiiic 
explosion a million years ago! The enorinous energy output of the numerous radio galaxies 
and quasars (see below) also attests to the fact that "agtivity^' and "violence** characterize 
OLir universe. ( For additiunul details, see Subsecrjon HLBJ 

Perhaps the strangest diseuvery was that or the (/iiashsfdUir ohjecrs (popularly termed 
(liHisurs: pronounced '^kway'"/ars") in the early \0()0\ On phatographs taken at telescopes 
quasars look like stars, but their light is incredibly redsliiftmh Hence, if they abide by 
nubble's law, i|uasars must be billions of light-^years distunt and much brighter than the 
brightest known galaxy. Moreover, many of lh^:m Jhctiunv hi /nigh incss s^iih time-scales 
less than a year, so that their intrinsic si:v is kss than u ll^hi^i^ear (asghown in Subsection 
III.(^), Quasars are the most controversial extragalaetic olyects in astronomy today, but 
many astronotners are beginning to believe that they uiuy roprefiunt the overwhelmingly 
active nuclei of giant ellipticnl galas ies. 

A less strange, but no less speetacular, nbser%'atlon occurred in 1^65 when weak 
inierowiive radiation (at em wavelengths) was detected and Ibund to he impinging upon the 
liurtli unilorndy from all dircetions. Today, many curet'ul absemitions later, it is generally 
ugreed that this cosniiv inirrinvavv havksinniud rmliallan is the leeble remnant of the 
primeval firehalL the Hery holocaust which marked the heginnlng of our universe. This is 
not surprising, based upon the observcil expansion of the universe (Hubble's law). In the 
past, gakixies were closer together ami the universe was denser, and, in the ultimate past, the 
beginning, the universe was so dense and hot as to be aptly eulled a 'lioloeaust" or 
^MuvbalL"(See Subsection IIIJ>j 

Finally, we recall thai JC-ruys caniu)t penetnite the i;artlis atmosphere, so that X-ray 
ustrononiy is depenilent upc^n spacecratt. I:xnvi^aluftiv sffunrs (ifX-mdiation were first 
detected in the early l^)70's by orbiting NASA satellites. Such X-i^ay sources were soon 
determined lobe of two kinds: (I )fH}int Sfiurccs associuted with '^cneriietic*' objects such as 
radii? galaxies, Seylert galaxies, and t|uasars, and i Z) ilisnihiiteif sfHfnvs occurring in largu, 
rich clusters of galaxiesi The kilter have diameters of several inilllon light-'years, and the 
X-radiation appears \n conie from extremely hot gan filling the clusters. It is not yet known 
whether this gas is heated by "erupting'' galaxies in the clusters or simply ^^stirrcd up'' by 
the orbital motions uf the galaxies eompnsing the clusters. (See Subsection Illdl) 

We see then ihal the contents of our universe are eoniplex both in ternis of spatial 
strLieture and temporal evolution. Indeed, the universe itseh' is an active and dynamic entity. 
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BASIC EXERCISES FOR STUDEWTS 



The ftindamvnhih of extrauulactig ListrtHioniy have h^xn spelled out in Section II. The 
lollowing class activities und exercises iitay be used by the tcuclier to uugincnt and verity 
student grusp of the niaterial, 

Class Activities: 

1. On a dark, vicar night, locate und study tlie Milky Wiiy with your eyes. Identify the 
center of our Galaxy in the eunstellation Sagitturnis, (The Nlilky Way pusHes overhead in 
sunimer and winter. In northern latitudeH. Sagittarius is visible unly in June, near the 
southern horizon, ) 

2. In niid-winter. thoHe in nurthern kititudes cnn visually tnid the Andronveda galaxy in the 
eunstcllation Andronieda. Study this galaxy with a good pair orbinoeulars, If you live in 
the southern hemisphere, do the same for the Magvlhinic Clouds, (Prepare yourself 
beforehand hy learning tlie eonfigurations ol' the eonstellLitions near each object; 
conHult, for eNanirle, llic Monnn Siar Atlas.) 

3. Refer to several astronomy text^ to learn about tbe Loixil (inHip of llie giilaxies. Then, 
with curdhoard or styrofoum, construct a three-dimensionul model of the Local Group 
on aHCule where 1 cin represents 10 OOO liglit-yeurs, 

4. Do some outside reading on spectrtncopv, and ^rite a report tin ''Tlie Astronomical 
Applications of SpectroscQpy/' (One or more studunts might also give presentutions to 
the class on this important topic.) 

5. Stutlents can learn to classify mkixlcs witli the aid of a sniull nuignirylng glass and 
Palomar Sky Survey photographs of the constellation Virgo (or even figure 4), Record 
the relative numbers of elliptical and spiral galaxies iduntiricti on cuch print. (You niight 
borrow the prints, or purchase them tVom the Caltecli Bookstore, Pasadona, California 
01 109. See ''AINWeatlier Observing: Student Use ol Palomar Sky Survey Prints" by 
DonntG. Went/^el mMvrvury, No. 2, pp, 13, January/February 1973, ) 

6. Teach the students to graph linear equations, and, then, set them the task of graphing 
lluhbk\s law v " Ud, with suitubly labelled axes. 

7. Verify tlie 'Mnversu square law*' of brightness in a darkened rc^oni with u niovable light 
bulb. From a fixed point, nieasure the distance to the light with u meter stick and the 
brightness with a light nieter (such as is used in photograpliy), Theciuantlty (brightness) 
X (distance)^ should renuiin constant for all positions of the light bulb. 

8. Demonstrate the Dappler Kjjeci with au automobile md u portable tape recorder, 
Record the sound of the auto horn as the ear approaehes and passes tliu tape recordur at 
several difrerent specils, Since shorter wavelengths sound highur-pitchud In frequengyi 
your students should be able to reeogni>^e the car appioacliing, passing, und receding - 
as well as its relative speed. Determine also if they can identify the horn ''redshifted"? 
^IMueshifted"? 

20 

13 



Questions With Answirs; 

Q1* Why was extragaluctic astronomy impossible before 1600 A,D.? 

A1: Telescopes were not invented until then. The naked liumiin eye can barely discern the 
Aiulronieda galaxy and the Mugellunic Clouds, but no other extragalL^glic objects. 

Q2: Is a Hght-yuar a year with Only 364 days? 

A2: No, it is the distance liglit travels in u vacuum in one'year, 

Q3: Describe the structure of tlie Andromeda galaxy. 

A3: Simply consult figure 1, as the Sb Andromeda galaxy is very similar to our own 
Galaxy* 

Q4: Where and what is the '*zone of avoidarwe?'' 

A4: It is the bund of the Milky Way on the sky. Galaxies seem to ''avoid'' this band, since 
the dust in our galautic plane obscures distant galaxies. 

Q5: Who was the most ftniDus extragalactic astronomer of the early 20th century - the 
''fiither of extnigiihictic astronomy''? 

A5: Edwin R Hubble, 

Q6: Draw the llubbk Tuning Fork Diagram and name at least /n^c^ different types of 
galaxies; do all of this from memory. 

A6: See figure 2 and Subsection ILC, Some types are: giant ellipticals, dwarf ellipticals, 
lenticulars (SO), normal spinils, barred spirals, irregulars, and peculiars, 

Q7: What practical impediment is there to currying on two-way radio coimnunications with 
intelligent beings living in the Andromeda galaxy? 

A7: Uaeh. two-way conversation requires 4 J million yac4rs to coniplete!^ (Also, there may 
be no intelligent beings residing in that galaxy!) 

□8: How would yoii recognize a (luasarl 

AS: It is star-like on a photDgraph and is enormously redshiOed. Its apparent brightness 
might also vary within a year, 

^Nate: Radio waves travel tit the speed of light, and the Andromeda galaxy is a distance of 
2.2 million light-years from our Galaxy. 
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Ill 

MODERN DISCOVERIES IN GREATER DEPTH 



In Subsection II. F,, the exciting discoveries of niodern extrugulactic ustronom.y were 
introduced. However, to ftilly appreciate the tact that our universe is not merely empty 
space through which galaxies are quietly promenading in accordance with Hubble's law of 
cusmic expansion, the reader must be exposed to the details of these modern rindings. This 
is the intent of Section III. The student will find that significantly more effort is required to 
Understand this new niaterial, 

A, EKtragalactio Radio Sources 

Railio asirumjmy is the study of our universe through thu ''radio window" of the 
atmosphere. This wiiulow perniits extraterrestrial electroniagnetic radiation in the 
wavelength range X ^ O.l cm to 50 m to reach the Earth's surfnce unimpeded. Because the 
radio signals arc very weak, large metallic 'klishes" (hundreds of m across) are used to 
collect and focus thcni (by reflection) upon exceedingly sensitive radio receivers. We call 
this combination a radiu telvscopv.. 

V c large aperture (diameter) is also necessary if the raUiD telescope is to achieve good 
angular resolution - tluit is, the ability to distinguish accurate direction and fine detail on 
the sky. (We did not say ''night sky," since radio telescopes operate both day and night,) 
The wave-like nature of elyetroniagnetic radiation pluces Che tblbwing intrinsic limitation 
upon the angulur resolution, 0, of an electromagnetic detector of aperture a when the 
radiation detected has wavelength X: 

0^ 3500 (X^) arc^minutes 

(The Glossary explairis the meaning of the units of angular measurer arc<lcgree^ arc-minute^ 
and arc'second.) The human eye is one such detector, with an angular resolution in visible 
light of 1 arc-minute (the apparent size of an apple 350 m distant; l/30th the angular 
diameter of the Mopa)., To attain this same resolving power with u radio telescope operating 
at X = 10 cm, howcvt^\ requires an aperture of 350 m! 

In the decades since its humble beginning with Karl G. Jansky in 1931=2, radio 
astronomy has provided a wealth of knowledge concerning our Sun, the solar system, and 
the structure and content of our Galaxy. However, since. tills broghure uddresses the more 
distant extragalactic realm, this subject matter is not included. 

Tlie first exiragaliictic radio scmrve ^ Cygnus A - was Lliscovered In 1946 as a localized 
region of radio emission in the constellation Cygnus. By the uiirly 1950's, many such radio 
sources had been found using single radio telescopes. In 1953, the Magellanic Clauds (two 
small companion galaxies to our Galaxy 1 70 000 light-yeurs distant) were identified as weak 
radio sources by scientists in Australia; soon thereafter the nearby Andromeda galaxy was 
*'seen'' at the wavelength X ^ 21 cm, 
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Furtlier untlerstunding depeiulud critically^ upon the klvntificathn of tlw (jpitcui 
CQUfiicrijart of each radiu source, Single radio telescopes, howevur, provided radio source 
posirloHs accurate to only several arc-minutes. Identification was sufficieiitly easy wlmn u 
large unguIurHliunieter object - sucli as M3I - occurred at the position of the radio $omm, 
but, in most cases, there were many optical candidates lor each radio source. It was ctcarly 
necessary to increase the radio angular resolution, and the solution came in the form of tlw 
radio interferometer. In simple terms, thiscievice niimicks a huge radio telescope by iitilfeSng 
two (or more) widely separated ''single-dish'' nidio telescopes joined together electricaUy! 
Tlie effective aperture of the resulting instrument is the distance between the two r^dio 
telescopes so connected. Hence, an angular resolution fund positional accuracy) ot I 
arc-second can be obtained tor a separation of about 1 0 km. 

Using such nidio interferometers during the 1950's, radio astronomers accumulaltt^tl 
enormous catalogs of precisely positioned radio sources, (A good example is the Thmf. 
Cambridge (England) Catalogue, wherein the 273rd source listed is designated 3C 273 J The 
optical identifications which followed produced staggering results. Most ''ordinary" galaxies 
eniit some radio nidiatioii (like our own Galaxy), and, uinong large elliptieal galaxies, about 
one in lOO OOO is an ultra-powerful radio gala^cy (see below). In addition, large nunibcTSOf 
weak (perhaps, very distant) radio sources were found to liave /?tJ associated optical object, 
in the 1960's, niany of the '-exploding'' galaxies and quasars were discovered to be strong 
radio sources (see the next two subsections). 

Radio galaxies resemble giant elliptical galuxics optically, but the radio radiation 
associated with tlicni is about 10 000 times stronger than the radio power of our Galaxy. 
Many exhibit a ''bright core'' of radio emission centered on the nucleus of the gala?cy. In 
most cases, the radio sources are doubles - as illustruted in figure 5 below Ibr Fornax A 
(Hale Observatories photograph) - witli the bulk of the radiation coming from a region on 
either side of the opticaL galaxy ancUcparated by about 300 OOO light-years. It is currenlly 
thouglit^that the nucleus of a radio galaxy is a region of extraordinary violence, which - in 
some unknown way - powers its radio sources for periods of around 100 000 years, BeyomI 
this, we are only confident that the radio emission itself is synchrotron radiation, that is, 
radio waves emitted by electrons which are spiraling about in magnetic fields at rehitivjstic 
speeds (essentially the speed of light c). Finally, the largest radio source known is the double 
source ussociated with the radio galaxy 3C 236, which, in late 1974, was found to spur); 
separation of 19 mill ion light-years. 

B. Violent Activity in Qalaxies 

Strong radio galaxies provided early indications that galaclic nuclei can he regtuns uf 
violent activity. Optical support for this idea was obtained from the giant elliptical galaxy 
M87 (NGC 4486), a strong radio source in the nearby Virgo cluster of galaxies. For 
example, a short^exposure, telescopic photograph revealed a luminous '^et^' emerging irom 
the nucleus of the galaxy (see Figure 7). 

Such ''nuclear violence'' is not restricted to ellipticul galaxies. Thirty years ago, C^^rl 
Seyfert discovered and classified a dozen Seyfart galaxies ^ spiral galaxies with briglit, 
active^ star-like nuclei. Spectroscopy (and the Doppler Effect) reveals that hot gas H 
expelled from Seyfert nuclei at speeds up to 1500 km per s; radio telescopes show many 
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Seyterts to bu strong radio soiirces, In addition, we now know that Seyfurt nuclei (a) are 
ultra-strong emitters qT infrared rudiution, (b) vary in optical and radio brightness within a 
mbnth, and (c) can be responsible for vast explosions such as figiiro 6A show in u recent 
photograph (Kitt Peak National Observatory) of the Scyfert NGC 1275, Most important, 
Soyfcrt galaxies are Far rroni rare; / ijurcQnt of all spirals are Sayferts/ 

Historically, the first clear evidence For an ''exploding galaxy'' came in 1961, when 
studies at the National Radio Astrononiy Observatory identified the irrugular galaxy M82 
(NGC 3034) as a weak radio source. Figure 6B \n an optical photograph (Hulu Observatories) 
of this nearby (10 inillion light-years) galaxy, wherein we see the traces of a gigantic 
explosion which occurred in the nucleus L5 million years ago - niassive fllanients of 
excited hydrogen gas streaming out to 12 000 light-years rrom the galaxy's center at speeds 
around 800 km per s! Today, it is thought by some extragalaetic astronomers that M82 
might be an active Seyfert galaxy seen almost edge-on (notice how similar the '^uHplosions'' 
appear in figures 6 A and 6B), 
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Figure 6 



It is even possible that our Galaxy is ''violent/' Radio observations of the gaUictic 
center disclose large clouds of hydrogLMT gus moving muy from the luicleus at about 100 kin 
per s. This would imply a rather *'weak'' explosion, but is also possible that the GaUixy is 
becoTiiinga Seyfert, 

C, The Quasari 

By 1960, extragahietic astronomers thought they basically undurstood the expanding 
universe of galaxies, Only the detailed mechanisms for producing netive galactic nuclei ami 
radio sources remained to be spelled out. However, in tate I960, the strong radio source 
3C 48 was identiriod with a ''star" on telescopic photogruphs. Since this appeared to be the 
first rudia star ever discovered, its light was quickly analysed spectroscopically. The result 
was completely indcciplwrahk - nothing like it had ever been seen belbre! The object was 
desigiiatetl a (fuusMtellar imlin saurcc (abbreviuted QSRS), since it looked '*star^like.'' Later, 
the popularized term 'Ujimar'' became fashlonuble. A quasar with no detectable radio 
emission is called a c/umhstellar uhjcct (QSOK 

Early in 1963, a second radio source, 3C 273, was (bund to be a quasar. But now, the 
Ainericuii astronomer, Maarten Schmidt, uncavered a vital clue: the light emitted by 3C 273 
was redshirted by z = 0,16. In the norma] context of Hubble's law (Subsection irEO, tills 
object would be receding from us at 16 percent of the speed of light and would he 2 billion 
light-years distant. Astronomers might easily have accepted this nntling but Ibr one faei: tlie 
stellar image of 3C 273 appeared rather bright - at the cosmological distance implied by 
nubble's law, this quasar would have to have been 100 times brighter than the brightest 
gakixy ever observed. In addition, an optical ^'Jet'' was emerging from 3C 273, as indicated 
in the (Hale Observatories) photograph shown as figure 7, 
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For awhile, 3C 273 simply wis rega.rded m an^jctreindy briglit version of thenidb 
giilaxy MS7. However, fhe qimsur \va§ mid ily identined on old pliotograplis spanning several 
clecadu^ of time, and careful analysis soon discbsetl \h^t it mr led drama ilcally in ai?t^^^ 
hrigliifwss in less than 10 yi^ors. This iniiiiodiateir implied that most of tlie light cuiiiefroni 
a region smalkr than 10 light-yem h diameter, siiic^ tlm fm side of ti larger object could 
not possibly coordinate its activity ^ith tlie near side \^^itliin 10 years (even iit the speed of 
light). Now extragalactic astronomers (acc a tremendous dileninm , how can ti violentlr 
nuctuatiiifi **object'' only 10 ligtit^yexirsiii size be einittiiig the light of 1 OOliirge gcilaxies? 

Today, more than 1000 qiiEisars mm kito^n, and redshifts liave been measured for 
several hundred of them. We have good evidence of the eKisteiice of a quasar when a 
staNtke optical image Is associiited with i\ mdlc source, but wc are certain it is a <iuasar 
when the ''star's^' light is hmiv wdshijteci. IF quasar redshifts liidicate cosinologicai 
distances (via Hubble's law), qiuisars have the Ibll owing eharactersitics : 

C 1 ) They are brighter optically thar the brightest galaKies. 

C:2) They are even stronger infrared eiiiitters than Sey fert galaJdes. 

(3) As radio sources, they are incilstlngulshable from strong radio galaxies. 

(4) They are ejecting hot m at tlioiisandsor km per 

(5) They can vary In brightness on tinie scales from years down to months. Hence, 
the -'smallest'- quasar enilts tlio hulk of its radiation T\om a region only a 
light-month across (bss thaii lOO times the size of tile solar systeni). 

Quasars tend to exhibit large reclslii fts, J. As of mid^I 974, the Uirgest redshirt kwoww 
wm z - 3,53 for the quasar OQ 1 72 (in the constelUition Bootes). For this object Jight 
emitted in the far ultraviolet {\^^^ ^ ISOOA) is observed on Earth as reel hglit d ^ 
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(iHOOA). But the Doppler I ITuct riirnnila of SuhsL^ctiun IM;. (r v/c} is liuarly 
iiuipplicahlu nl suijh ciioniimis rudsliifts, us it woukl iiiiply tliat this qinisnr is ivaHlinM rrciiii 
us fusicr tlian the spccil ul' light a physical inipossihllity. \Vhuiievur : is iiol sniah 
cniiijiarcd io I, it is necessary to use the ivhitivisiic Doppler t\)rnuiki: 

r/r^ Cr fr- )/{2 1:: \ :^ ) 

We rcei)ver the ukl Dopjiler Innmila iis r beeunies snialler. ami in iiu ease dues r ever exceed 
( . I'ur exuniple, the t|uasar C)Q 172 is reeediiiif \wm (lurCijdaxy at iHnnil pereeiil (if the 
speed ol Hght. 

Our hrief diseussion has only tDUelied an the priiieipal properties ul" (juasars. |{videiitly 
they arc very strange and woiulruus objects. In fact, since the diset)very the tpiasars, sunie 
astrunniners have seriously ciuestioned whether Ilubble's law applies to them at all! 1hus 
arose llic redshin cuntruversy of the past decade. Most extragaluctic astrunoniers supported 
the "slaiulard'' interprelatioti: that the redsliifts arise Ironi recessioii speeds which imply 
cosuiohi^iral distances. A vocal niinority subscribetl to ''nofislunclanr' redshifts, which 
generally had the elTect of niaking the tiuasars neariiy 'local'' objects with unspectacular 
properties. 

An early 'Mionslaiularcr' suggestion was that quasars are compact, luminous objects 
ejected explosively from our Galaxy (or another nearby gaiaxy) at relativistic speeds, 
Another such school of thought maintained that quasars are physically associatetl with 
nearby, large, spiral galaxies. To others it appeared that (a) there seem to be too many 
quasars with redshirts very near = - L^)5, and (h) quasars appear randomly scattered on a 
plot of redshift versus apparent brightness nut at all in line with Ilubble's law. Additional 
evidence came in late 1973, when two cpiasars near the radio source 4C I LSO (in the 
constellation Serpens) were (bund with very dinVrent redshirts = - 0.436 and z - 1.90 - 
but separated by only 5 arc-seconds uji the sky. 

The points raised by the 'Mionstantlard scliooP' were very valuable in stimulating the 
relnied observations needed to show that quasars jit cousisieiuly wiiliin the siinidanl 
hUcrprvtatioiL That is. the reader can now (reasonably) salely assume that (piasars are at 
iosmolomal distauivs. As more and more ciuasars were observed, it became unergetically 
utiteasible to eject them from ordinary galaxies, and the earlier apparent overabundance of 
quasars near K95 disappeared. Also, no blueshifted quasar has ever been seen; i!i 1973, 
the most promising caiulidate - the variable object BL Lacertae - was shown to be a 
redshifted cpiasar. Many of the ^'stnmge associations" iire reiidily interpreted as mere 
coincidences in position on the sky. Ihe year 1973 ended with the following four very 
strong indications of the correctness of the cosmological (standard) interpretation: 

(1) Several quasars were obsei^ed in clusters of galaxies, with precisely the sanw 
redshift as the cluster galaxies. 

(2) It became apparent that all quasars are uot ''standard cajulles/' However, it was 
found that the uiost lunwuius cpiasars have the sanw intrinsic brightness antl do 
coiijhrvi to lluhhte's lcn\\ 

(3) Long-exposure photographs at the 508-cni Palomar telescope revealed intrinsically 
weak (luasurs to be the very hriglu nuclei ofmnt elliptical ^ataxk% 
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{•I) OpHciilly viiriiihli' quitsiirs wm' si'iMi in Un)k ^^slur-likc" r// fliclr hnuhivst. hut like 
Kpoisul ihciLNilunnriicMvcgiiluxies^// flicir t/ifnnii'sf. 

By cunibininp all uf these elues, vvc now helieve itiut a (/inisdr is sinipfy fliv iillnhviolvnt 
nhusi' (lusting u!)i)Ut u million ycins) of flw nuvlvus af a niassivc liuiiixy ijie point ut wliieli 
thai niickiis completely outshini's itie parent galaxy, ejeets vast tiuanlilles of particles antl 
pas, ami creates strong ratlio sourees (in niany cases). That is, (|uasars are the hrightust 
niemhers oT a class of ohjeets such as radio galaxies (nit! Seylerls, In none of these eases tin 
we yel cinni^lelely uiuterstantl Innv ihe nucleus operalcs. rxlragiilactic asln)noniers ui' ihe 
Inture nuist initangle (hat mystery. 

D, The Primeval Fireball? 

When mutter is rai^iclly stpiee/ed into a smaller vtihnne, il gets hoiler, 11" our universe is 
presently expaiulin)^ in aeeordaiice witli llubhle's law, il must have heen smaller iintl denser 
in the past, Carrying this idea hack about 12 billion years, we would rind thai the imiverse 
was so compressetl uiul hot that it was doininated by a huloeaust of intense radiation the 
/frinimil fireball nuich like the fireball of a hydrogen bomb. Decades ago, scientists 
predicted that from such a jiery beginning the universe would expand, the rirebull radiation 
would eiH)L and, by today, the weak renianunt radiation should be observed streaniing 
toward the luuth from all sides. 

Nevertheless. Arno A. Pen/ius and Rubert W. Wilson of the Bell Tclepliune Labora- 
tories, while studying weak radio static in 1965, were completely surprised when they 
aeeidentally discovered fNuntwaiv ntdiaiion bombardiiig the Earth unilbrmly froin all 
directions. By the end of the I960*s, this '^cosmic mierowave buckground radiation*' was 
determined to be unilbrm in direction to better than 3 parts in 10 000, and its intensity had 
been measured at wavelengths tVom I mm to 21 cm. 

Since ohscrvutions at mm wavelengths were extremely difficult to curry out, 
higlKiltltude balloons and rockets were used to get above the luirth's obscuring atmosphere' 
Uneertamties prevailed Ibr a time, and a variety of diflerent theories were advanced to 
explain the '^cosniie radiation/' Today, the discrepancies are resolved, and we know that we 
are ^'seeing'' hIackbocJy rudiatlun at a tcnipuraiurc uf 1 7 dvgrcvs Ahsolutv fthat is, 2.T 
Centigrade above absolute zero, or 455° Fahrenheit). This is in perfect agreement with the 
properties expected of the remnant radiation coming to us IVom the primeval firehalL How 
awesome it is to realize that we have such a direct view of the heginning of our universe! 
(See Section IV.) 

E, X-Ray Sources Beyond Our Galaxy 

An X-ray is electromagnetic radiation with a short wavelength, from X ^ I A to 100 A. 
Since there is no "X-ray window" through the Earth's atmosphere. X-ray astronomy could 
begin only around 1960 when sounding rockets and spacecraft first carried X^ray detectors 
far above the atmosphere. From the start, our Sun was (bund to be a bright and complex 
X-ray source. After 1962, several point sources of X-rays, such as Sco X-1 (in the 
constellation Scorpius) and the Crab Nebula fin Taurus), were discerned in our Galaxy. 



It was nut iinlil Ducciiiber 1970 Ihut NASA hiuncliud tliu lirst A^mr suit'lliii', LUIURU 
(pmnoLincc'cl ''uo-'hoD-rou'- ), Tor the cHprcss purposu of niapping the '*X-niy sky/' As a 
rL'siilt, wu prusfMitly kiinw o( tttorc lliati 100 X-ray suurces, and many of Ihum are iclenliriecl 
with nptical objcctN. Many of these snurces reside nearhy, in the disk of our Gukixy (see 
Subseetioii II. AJ, and they are associatetl with objects siieh as the hot remnants of exploded 
HtiH^s (sujiernovae) and the weirtl '*X-ray stais," The remainder are extragahictic, 

fixira^alarfic X-my asfnjnfnny is only al)oiil //re rears okL Ah'eady, NASA satuhites 
havu **seeii" (juasars, active liidaxies, cliislers of galaxies, ami our universe. Ilie observed 
X-ray sources heyoiid our Galaxy are of three types: 

(1) Strong pouil sources assuciatetl with activv objects, such as cjuasars OC 273), 
Seyteii galaxies (NCK^ 1 275), and radio galaxies (M87), 

(2) Distribulvd sources identified witli the centers of nearby large (lusters (ifj^alaxics, 
such as Virgo and Coma. These X-ray-emitting regions are several million light-years in size, 
and they are generally believed to eonsist of extremely hot gas (around 10 million degrees). 
The gas is excited and heated either by a tuw "violent"' galaxies in the clusters or by the 
rapid orbital motions of all the cluster galaxies (see Subsection III.G,). 

(3) The low-intensity X-my backmniud from the universe, which comes toward tlie 
Earth uniformly from all directions. (This ''cosmic X-radiation" is a complicated subject, 
and we lack space to discuss it properly here/) 



Faster Than the Spsed of Light? 

During the 1960'Sj many active extragalactic objects - such as quasars, Seyfert 
galaxies, and radio galaxies - were found to vary in both optical and radio brightness. These 
variations correspond to repeated, violent ''eruptions'' in the nuclei of massive galaxies - in 
regions about 1 light-year in size. To improve their understanding, extragalactic astronomers 
wanted to ''see'' these tiny structures directly^ but the task was extremely difficult since 1 
light-year at a distance of 1 billion light-years spans an angular diameter of only 0.001 
arc-second (the apparent size of an apple 1 00 000 km away). Optical telescopes were 
useless, since their best angular resolution is about 1 arc-second. Consequently, astronomers 
turned to radio astronomy for the solution. 

The problem was solved with very-long-bciselhw radio interjcromatry (VLSI). Radio 
interferometers (see Subsection III. A.) with huge aperatures were constructed by recording 
the radio signals at two independent radio telescf)pes - each with its own atomic clock 
(stable to one part in a trillion). The two separate records were then synchronized and 
processed in an electronic computer which became, in effect, an ''intercontinental radio 
interferometer.'' Beginning in 1967 with an aperture of 10 km (angular resolution of 3 
arc-seconds), such VLBI "devices" by the early 1970's had been improved to span the 
diameter of the Earth giving angular resolutions of O.OOOS arc-second). 

With such instruments, extragalactic astronomers verified the the "action" in violent 
galactic nuclei was indeed occurring in volumes about one light-year in size. But a much 
more spectacular discovery occurred in early 1971, when the quasar 3C 279 was scrutinized 
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usiiig VMil hetwuen Culirornui aiul Mnssucliusctls, A ilinihlv rcullo soufTc only 0.002 
urc-sucond in mc was luuntl in lliu heart of the qLUisar, ami, within I 20 clays, the two ruiliu 
cuinponunts were ''seen'' to move apart by about 0.00014 arc-second. At the distance 
implieil by the redsliift of 3C 279, this observation seemed tu i!n])ly that the radio 
voffiponviits wute sajHimted at 10 times the speed of liglit. Since then, other t|iu!sars 
(3C'273), Seyrert gakixies, and radio galaxies have been observed to exhibit similarly 
"impossible" behavior nuclear radio sources separating ,/i/.v/c^/' than twice the speed of light 
(as "seen" on the plane of the sky) or Ic. {According to tlie theory uf relalivity, malerial 
objects camiot move faster than light speed ^ c so two bodies cannot appear to separate 
faster than 2c.) 

Scientists were able to develop only two simple solutions to the "unthinkable 
dilemma" eauscLl by these findings. The first was to bring the radio sources much closer to 
us than the distances indicated by the observed retlshifts of the parmt f)bjects. However, if 
impleniented, this solution would have reintroduced 'Intrinsic'' redshifts - not only for the 
quasars (which many people might have accepted), but also for rather "normur' galaxies ~ 
and the entire edifice of standard extragalactic astronomy would have crumbled before our 
eyes! Fortunately, a second easily understood and readily acgeptable solutioii was proposed 
in the tbrrn of the Chnstnuis Tree Model. Imagine a galactic nucleus with several variuhle 
radio sources In it flickering on and off independently like the lights of a Christmas tree. 
Since VLB! gives us only a ''fuzzy" view of the galactic nucleus, we might believe that we 
were "seeing" a double radio source expanding faster than the speed of light when this 
^'flickering" occurred in the sequence illustrated in figure 8 below. (Sources 1 and 2 are 
**on" at first, then 2 dims, and 3 comes "on" slowly.) The straightlbrward model can also 
acconimodate contracting and rotating "double sources" which seem to move at arbitrary 
speeds. We presently believe that this theory adequately explains the observations. 




Figure 8 
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G, GalaKies With ''Raclin Tails 



Lut us unci Section III widi ii nitlii) iistronoiiiical ''sluirl stoj-y," whicli ties togctlnjr 
active (ratlin) pahixies, larpc clusters tjf galaxies, aiul the pas pernicatiiig sueh ekiHters. (See 
Suhsection ni.H.) 

To iiHip out the railiu structure of a portion of tlie sky, we iiiay oliservu it for several 
days with a nuHo interferuineler, changing the eflVelive aprrlnre (spaeinH) eacii day. This 
proeedure, called apcvturc synthvsls, '^synthesi/es the full dish of a large radio telescope" 
and can produce the eipiivalent of a nulh) pluiHiv^hiph of (he l egion surveyed. 

Using this techniiiue, British radio astronomerH in n)68 studied the Perseus cluster of 
gakixies. They discovered two galaxies - NGC 1265 and IC 310 with *^radio tails'' 
pointiiig away from the nearby, active Seyfert galaxy, NGC 1275. By 1971, such radio tails 
had been obseiTCd in two other clusters of galaxies. An early explanation of this 
phenomenon was that the most active galaxy in each eluster was uxvUiiig the gas iii other 
galaxies to radiate at radio wavelengths and h/owin^ this gas out to forin the radio tciils. (An 
excellent optical analogue is this: Our Sun causes comets to glow and produces i\mY tails.) 

This theory proved untenable, however, when, in mid-i972, radio astronomers in 
Holland ruobsei^ed the Perseus cluster using aperture synthesis techniques. With greater 
sensitivity and better angular resolution (30 arc-seconds), they tbund a galaxy whose radio 
tail pointed toward NGC 1275! lii addition, they produced a radio iihotograph of the radio 
source 3C 129, showing a galaxy with a helical (corkscrew) radio tail extending a million 
light-years behind - and the ''taif consisted of pairs of radio sources (similar to beads on 
two strings)! 

Today, we believe that the following picture consistently explains all of these results: 
the interior of a large cluster of galaxies contains much gas and galaxies orbiting around at 
speeds approachiiig 1500 km per s. Suppose that one of these galaxies were to develop an 
active nucleus and ''eject'' double radio sources. These radio-emitting ''clouds'' would lag 
behind the galaxy, since they are slowed by the intrucluster gas. A sequence of active phases 
would result in a radio tail of ''glowing'' radio sources behind the galaxy, tracing out the 
galaxy's orbital path through the cluster, 



ADVANCED EXERCISES FOR STUDENTS 



Class Activitiis: 

T Most nnijor universities have nidln iclcscopcs nearby. Take a field trip to a radio 
telescope installation and view as much of the instrumentation as possible. Talk with the 
local "radio astronomers'' and learn about the output of their observations. 

2, If you can, arrange to visit one of the sites of A64S^ the National Aeronautics and 
Space Administration. Become familiar with its spacecraft and the types of instruments 
which are sent above the Earth's atmosphere to detect various forms of electromagnetic 
radiation, (If this is unfeasible, you can learn of the Administration's activities and 
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StitclliU's sia'h ;is OAO* ihu Orbiting AshnnoiiiiiJiil Ohscrvulory hy writing tor 
iiilurinulion (o: rcrkMul Cluarini: House lor ScitMiiillc Tcchnicul Inlbniuition, 5285 
Port Koy:il Koud. SpriiigticUl, Virginin 221 51.) 

3, Review witli your class liow the ''('liristnias Ivvv MolIcT' oI" figure H works. Then, *:ivc 
sUultnls tlie task ol' ilrawiiU! siieh a "("liristmas Tree Motlel'' tor uaeli of the I'ollowinu 
three ratlin smirfL- lieluiviors: (a) A 'Ufnuhle'' souree 'Voiitracts" to lialf its previous 
•.epai ation. (hi A "jjouhle'* suuiee antales" clo''kwise lluuui'h ai] ani'le ol M) 
are-ile|^rees. te) A '\loiihlr" suuree "expaiuls/' then "rotates'' ihroiigli l'"* are-ileurecs 
while codiiiiuiiii? li) exj^antl, anil nnally rotates 15 are-deiuees more while eonlracting 
sii'nirteantiy. 

Questions VA/ith Answers: 

Q1: Why wouUI laJio astroiioinLTs be upSLM il the iiiiverninenl penriitleLi eonimcreial 
*'ratlio'' transiii'sMons in the eeiUinieter-wavelength l'>and7 

AI: Kadio tcleseopes operate at these wavelengthH, and they arc so f'antastieally sensitive 
til li such eoniniercial IransniiHsions would overwiielni thcni. 

Q2: Nanic at least three tlilTcrcnt types of vialciif extragalactic events. 

A2: Radio galaxies (JC 2^^5), jets from galactic nuclei (IV187), exploding galaxies (M82), 
Suylert galaxies (NGC 1 275), and ijuasars (3C 273), 

Q3: If the light einitled by a certain quasar at a given wavelength is ohscrvcd to urrivc at 
(wire that wavclcHMtli , wluit is the cjuasar's rtu/.s///// and how last is it ivivdiuii from us 
(on the Doppler interpretation)? 

A3: Redshitt « r - (iv .v)/v - LO. vjc - (2 + 1 )/(2 + 2 + 1) = 3/5 0.6. Ihe redshit^t is 
onu, and the recession speed is f)(^ percent of r, or 1 80 000 km per s. 

Q4: I low would you interpret a ''radio taiP' appearing as two long streams of radio sources^ 
wound around in corkscrew I ash ion, and gently curving into space? 

A4: A rotating radio galaxy has periodically ejected double radio sources while plowing 
through the intraeluster gas of a cluster of galaxies on a curved trajectory, (Visualize a 
stunt airplane, emitting synchronized pulTs of smoke lYoni its wingtips while 
performing an arching ''barrel roll!") 



IV 

THE ''CONVENTIONAL" STORY OF COSMOUOGY 



In preceding inigus wc have related ihe histoncal development of extragalautic 
aslrononiy, nnd we have brieriy described the iniportunl, recent Inidinp of this yaung 
^icience. So thut tlie render may understand the bruad context witliin which tlie ''pieces'' of 
extragalaetic astrononiy fit, let us here sumnudze our discussion in two ways- (1) wu jilace 
the contents of the universe in their proper locations in space, and (2) we describe the 
uvulution of our universe in tinie from its ''beginning*' tu the |?rusent day. 

Our tiny Karth orbits the nearby Sun, a star typical of the 100 billion stars which 
coniprise our spiral Galaxy, The Andromeda galaxy, about 2 million light-years away, is the 
nearest large gulaxy. This pair of spiral galaxies dominates our Local Group of about tvvo 
dozen galaxies. The Local Group lies near one edge of the rich Virgo Cluster of galaxies, 
whose center is 40 million light-^years distant (in the constellation Virgo), Space is rather 
unilbnnly filled with such clusters ot^ galaxies, out to at least 5 billion light-years - the 
farthest that ordinary galaxies can be seen with optical telescopes. Approximately 10 billion 
galaxies are visible to us. And the entire universe of clusters of galaxies is expanding in 
accordance with ITubble's law. 

The basic "building blocks'' of the universe are galaxies and clusters thereof. In some 
nearby clusters, hot gas has been detected at radio and X-ray wavelengths. Galaxies are 
enormous, and su, tend to change slowly - on time-scales of hundreds of millions of years 
But extraordinarily rapid and violent activity is exhibited by the compact nuclei (centers) of 
many galaxies. Symptoms of this behavior are evident in ^'exploding" galaxies, Seyfert 
galaxies, radio galaxies, and the quasars. Quasars are the brightest objects in the universe, and 
they are visible almost out to the **edge'' ^ about 12 billion light-years distant - where 
some are seen receding at nearly the speed of light. 

Since we view the universe with 'Tight** (electromagnetic radiation), space and time are 
inextricably linked together by the speed of light. Today, we see the Andromeda galaxy as it 
was 2 million years ago, lor its light takes that long to travel the 2 million light-years 
separating us. The farther out we peer, the further into the past we are bound to see, A 
quasar redshifted by z = 1 is seen as it was when the light left it 8 billion years ago. The 
farthest that we can possibly see - the ''edge*' ^ corresponds to the beginning of the 
univei'se. 

By tracing the Hubble expansion of our universe backward in time, we deduce that the 
universe ''began** around 12 billion ycaiS ^m. The Big-Bang Theory, which follows, provides 
a consistent and believable picture of its subsequent evolution, (It would be too dogmatic to 
insist that this theory Is valid, but it is the best model we have today and is generally 
accepted by extragalaetic astronomers.) 

Starting as an Incredibly small, dense, and hot primeval fireball of radiation, the 
universe rapidly expanded and cooled. About half a million years after the beginning, this 
radiation weakened sufficiently that protons and electrons could bind together to form 
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iiuulnil Iiydorgcii. This ''tkctnipliiig" nuirkuti Ihu huginniiip o( ^^a/axy forniatiou, as the i»us 
hcgaii U) cluiiip out iiiUi ilunsu cloiuls chic to si^ll^graviiatioiL f'oj aboiit half a h\\\\o\\ yuai^s, 
the cIuluIh coiitiiiuutl io conapse, and iiuiltitudus of stars furi^ied galaxies wgru bom! 
The reniiuint racliutioii rrt)iti the priinuval Fireball cooled down to beeonie llie ZJ^Ietirce- 
Absolute blaekbody radiatioii which we detect today at cm wavdiffigths. Soon after large 
plaxieH Ibniied, activity (soniehuw) ignited in their mielei; strony (luas irsaiul radio sources 
begun to appear. Today, the closest evitlencc of this cataelysniic violence is provided by the 
neari)y d'ecble") Seyrert galaxies, rime passed, stars died, and new stars formed from the 
gas antl dust in the galaxies, 

A critically important event took place in our Chdaxy 4.6 billion years ago. The Sun 
formed, and with it, the Earth. Life arose in the warm waters of llie bartli about 3,5 billion 
years ago, and the steady workings of evohition letl inexurubly to Man a lew million years 
ago. The iTCorded history of civilization spans about 5000 years, vvhilc science, as we know 
it, is 400 years ok!. Hxtragalaetie astronomy appeared on the scene only within the last 
century, and the story which we have related in this unit was hardly dreanit of at the 
beginning of the 20tli century. Our knowledge of the universe beyond our Galaxy has eome 
within a single lifetiine. How Ibrtunate we are to live at this time in history, . , 



FINAL EXERCISES FOR STUDENTS 



Class Activities: 

1* If you are near an optical telescope ohscrvalory , arninge for your chtss to visit it one 
night. View the telescopes and their accessory equipment. Talk with the "astronomers'' 
there. A talk and/or slide show on extragalactic astronomy might also be arranged, (If 
this is not possible, or in addition, visit your locul plunetaNmn to view the cKhibits and 
hear a lecture on some aspect of extragalactic asti^onomy.) 

2, Obtain a spherical ''weather'' balloon (maximum expanded diameter about 2 meters) 
and paste or paint ''dots'' on the surface when it is half expanded. The "dots'' represent 
galaxies, so do not crowd them too much. When the "dots'' are uniformly scattered on 
the surface (which represents space), the balloon will represent a model of the universe. 
Mark long pieces of string, so that they can be used as ''flexible meter sticks" on the 
balloon's surface. Distinguish one ''dot" as our Galaxy (paint it red?). When the balloon 
is small, have the students measure (and record) the "distance" frorn our Galaxy to 
several (all?) other "galaxies." Then, expand the balloon significuntly and repeat the 
experiment. The students should then compute the increase in distances to each 
"galaxy" caused by the expansion and plot each result versus the average distance on a 
linear graphs A straight line - Hubble's law - should result. (Some students might also 
measure all of the "distances'' between ^^// of the ."galaxies" t\ch time in order to prove 
that all "dots" recede from each other when the balloon expands.) 
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Questions with Answers: 

Q1: Knowing that Hubblu^s constant k //^ 20 (km per s) per (million liglit-ycars), what is 
the valuo of f ^ 1 /// in yuars? 

A1: r ^ 1/20 (krn per s) per (million light-years) 

* (300 000 km per s) x (1 million liglit-years)/20 km per s 
^ 1 5 000 000 000 years = 1 5 billion years. 
Hence, T (the "Hubble time*') is approximately the age of uur universe! 

Q2: If we model thy distance to the Andromeda galaxy as one m, how far from our Galaxy 
would m find (a) the quasar 3C 273, (b) the most distant gahixy known (3C 295, with 
2 ^ 0.46), and (c) the ^^edge'^ o f the Universe? 

A2: (a) 1 km, (b) about 2. 5 km, and (c) about 7 km, 

Q3: If the "visible edge^' of the universe corresponds to its beginning, what would you 
expect to ''see'' beyond the ''edge'*? 

A3: Those events preceding the begimiing of the universe, if there were any! 

Q4: Using Hubble's law, v -Hd, calculate the general distance to the "edge'' of the 
universe. 

A4: Nothing travels faster than light, so let us set v - c. Then we find: d - c/M K(l/H) 
- cT- 15 billion light-years, from Problem 1 above. 
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ERIC 



Angstrom Unit^ a small unit of length equal to 1/100 000 OOOor lO-« cm, used to measure 
wavelengths of optical liglit and X-rays. 

angular resolution- the smallest ungle on tlie sky that can be tiiscurnud as a structured by a 
detector of electromagnetic radiation. 

apertures the diameter of the collecting surface of a telescope. 

aperture synthesis-^ the use of variable-aperture radio interferometer to mlnilck the "full 
dish" of a huge equivalent radio telescope. 

arc-degree- a unit of angle equal to 1 /360th of a complete circle, 

arc-minute= a unit of angle equal to l,2160Qdi of a complete circle (also l/60th 
arc-degree), 

arc-seco(id= a unit of angle equal to 1 /60th arc-minute. 

big-bang- the "explosion" which began our universe; also, the name of the standard theory 
of the evolution of our expanding universe, 

blackbody- a perfect, thermal ("hot") radiator of electromagnetic radiation. 

blueshift- when a given emitted wavelength of radiation is observed as a shorter wavelength; 
generally caused by relative motion of source and observer. 

centi=- a prefix meaning one hundredth; I cm equals 1 /lOOth ni. 

Cepheid variable-- a giant star which pulsates periodically in brightness. 

Christmas tree model- the theory of nuclear radio sources whereby independent variable 
sources produce "apparent motions" in active galactic nuclei. 

cluster.of galaxies- two to 10 000 galaxies physically grouped in space. 

color- the human eye's response to different wavelengths of visible light. 

comet- a dirty-ice "rook" orbiting in the solar system which the Sun causes to vaporize, 
glow visibly, and stream out a long, luminous tail, 

constellation- the easily identifiable configuration of the brightest visible stars in a 
moderately small region of the night sky. 

cosmological interpretation- the viewpoint that a redshift implies a distance according to 
Hubble's law; the redshift is not "intrinsic" to the source. 

cosmology- the study of the content, structure, and evolution of the universe. 

degree absolute- a "Centigrade" temperature scale beginning at absolute zero; water freezes 
at 273 degrees Absolute and boils at 373 degrees Absolute. 
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Doppler uffect whereby rucliatiaii of a given emitted wuvulength k caused to be observed 
at a dirrerent wavelength due to the rehitive motion of the source and tlie observer 
ulong the Hnt: joining tliem. 

electromagnetic radiation-- a mutual disturbance of electric and nuignctic fields which 
travels through a vacuum at the speed of light. 

^Htraguluctic^^^ farther tlum 100 000 light-years; beyond our galaxy. 

extraten-estriul-^ beyond the top of the Earth's atmosphere. 

gulaxy - a stellar system of from 1 000 000 to 1 000 000 000 000 stars; our own such 
system is capitali;^ed (Galaxy ) and all others are lower-case (galaxy), 

gumma ray^-^ energetic electromagnetic radiation of very short wavelength (less than 1 
Angstrom). 

globular cluster- a compact cluster of about one million stars orbiting a galaxy, 

Hubble*s law^ the statement that the rcdshifts of extragalactic objects are directly 
proportional to their distances from us. 

intrared- optical clectroniagnetic radiation in the wavelength range from 7000 A to 0.01 
cm; we call part of this range ''heat.'' 

lenticular- refers to the SO galaxies, which look like a 'Mens'* seen edge-on, 

light- the common term for visible electromagnetic radiation, 

light-month^ the distance light travels in one month; I 000 OOO 000 000 km. 

light-year-- the distance light travels in one Earth-year (abbreviated 1 yr); approximntely 
1 0 000 000 000 OOO km. 

local groups the small grouping of about 20 galaxies, of which our Galaxy and the 
Andromeda galaxy are the dominant members. 

Magellanic clouds- the two dwarf galaxies closest to our Galaxy (170 000 light-^years); 
easily visible to the naked eye from the southern liemisphere. 

microwave-^ an alternate term t^or radio waves of cm wavelength. 

Milky Way- a diffuse band of light circling the heavens; the plane of our Galaxy as seen 
from Earth; another name for our Galaxy. 

nebula- Latin for ''cloud'' (plural is nebulae); any of the thousands of diffuse patches of 
hght seen telescopically on the night sky; a luminous cloud of gas or dust in our 
Galaxy; a galaxy before about 1 925 A.D, 

nova- Latin for ''new'' (plural is novae); usually applied to a star which ''explodes'' and 
suddenly becomes readily visible in the night sky. 

nucleus- the very compact center of a galaxy, where '^activity'' can occur, 
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optical telescopt* - u device ror collecting ami rocusing optical light, using glass lenses und/or 
curved niiiTors. 

primeval rirebull the holocaust of radiatiun dominating the early stages of the expansion of 
our universe; seen today as ''cosmic microwuve radiation'*, 

quasar - a star-like optical object (in appearance), whose light is very highly redshifted; 
believed to be a siiper-violent iuikictie nucleUH. 

i|uasi-stcllar ■ literally, 'Hippeuring star-like''; another name Ibr tiuasar. 

radio - weak electromagnetic radiation with long wavelengths (greater than 0.01 cm), 

radio galaxy-^ an optical galaxy (usually elliptical) producing strong radio sources in its 
vicinity. 

radio interferometer- two or more individual radio telescopes joined electrically to mimick 
tlie angular resolution of a larger ''radio telescope." 

radio source-- a localized region of the sky from which radio waves are tlctected. 

radio talU the long 'UaiMike'' radio source trailing some radio galaxies. 

radio tolescope-^ a large, metallic device which collects and fbcuses radio waves onto a 
sensitive radio receiver; the *'dish'' is usually ''steerable.'' 

redshift- when a giveUj emitted wavelength of radiation is observed as a longer wavelength. 

redshift controversy- the recent debate eoncerning the interpretation of the meaning oF 
extragalactic redshifts; whether redshifts indicate cosmological distances via Hubble's 
law or are ^Mntrinsic'' to their sources. 

relativistic-- moving at speeds approaching the speed of light. 

Seyfert galaxy- a '^spirar' galaxy whose nucleus is active, star-like, and very bright, and 
from which spectroscopy indicates rapid gas outtlow. 

speed of light- the propagation speed of electromagnetic radiation in a vacuum; c = 
300 000 km per s. 

spectroscopy- the physical science whereby the ''colors'' of light are separated, their 
relative intensities measured, and the result interpreted in terms of the physical 
properties of the sources of light. 

standard-candle- denoting a class of objects, all with the same intrinsic brightness. 

star- u massive ''bair' of hot, luminous gas; similar to our Sun. 

supercluster- a larger grouping of clusters of galaxies, 

supernova^ the brightest and most violent exploding stars (plural is supernovae), 

synchrotron radiation- the electromagnetic radiation emitted by relativistic charged 
particles (usually electrons) spiraling in a magnetic field. 
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ultraviolet- moderatuly eiicrgotla electromugnutic nitliation witli wavelengtli^ from 100 A 
to 4000 A, 

universe— evurythiiig that was, is, or will be in space and time. 

means ''veryMong-baseliiie radio interferometry'*; when an enormous radio inter- 
ferometer is created by separately recording radio wavus at two radio telescopes and 
bringing the records together at a computer for analysis, 

wavelength— the distance between successive crests or valleys of a travelling wave 
phenomenon, 

window^ those wavelength bands at which the Earth'j atmosphere is essentially transparent 
to electromagnetic radiation — optical and radio. 

X-ray-- energetic electromagnetic radiation with \^avelengths from 1 A to 100 A. 

X-ray source-^ a localized region of the sky irorn which X-rays are detected. 

zone of avoidance^ essentially the band of the Milky Way on the sky; where our Galaxy 
obscures extragalactic objects due to the gas and dust in its plane. 
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black-and-white; see especially Set No* 51 on '^Galaxies and the Universe's 
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Lick Observatory, University of California, Santa Cruz, California 95060. Slides (2''x2'0 in 
color and black-and-white; see especially the series A, G, N, MW and/or S slides. 

Norton Scientific: 35mm slides; see especially Series F, G, I, J, K and/or Q. Order from 
Norton Scientific, P.O. Box 9212, Reno, Nevada 89507. 

Tersch Enterprises: 35mni slides; see especially sets number 33, 7, 8, 9, and 108 (in color) 
and 5, 17, 20, 59, 60, 77, and 79 (in black-and-white). Order from Tersch Enterprises, P.O. 
Box 1 059, Colorado Springs, Colorado 8090 1 , 

Yerkes Observatory, Williams Bay, Wisconsin 53191, 



FILMS: 

Radio Sky, 1966 (28 min., color). $100 to purchase from Associated Electrical Industries, 
33 Grosvenor Place, London S*W.l, England. 

Radio View of the Universe, 1967 (28.5 min., color, narrated by M. S. Roberts). Rental S3 
from Astronomical Society of the Pacific, c/o G. Perkins, 4636 Vineta Avenue La Canada 
California 9101 L 

The Universe from Palomar (40 min., 16mm color film with sound). Rental $20 per day or 
S200 to buy from Audio-Visual Services, California Institute of Technology, Pasadena, 
California 91109. 

Violent Universe, 1969 (148 min., five reels of black-and-white, narrated by Nigel Calder). 
Rental is $28 from Extension Media Center, University of California, Berkeley California 
94720. 

pQwers of Ten, 1968 (8 min., I6mm color film with sound). Rent $10 from University of 
Southern California, Division of Cinema, University Park, Los Angeles, California 90007 
(Attention: Film Distribution Section). 

To the Edge of the Universe, 1971 (23 min., color, code number 101789-5), Rental is $15 
from McGraw-Hill Text Films, 1 221 Avenue of the Americas, New York, New York. 

NASA films. For information write to NASA Headquarters, Code FAD, Washington, D.C. 
20546. 

Time»Life films. For information write to Tim^Life Films, Inc, Time & Life Building, New 
York, New York 10020. 

Galaxies and the Universe, 1969 (13.5 min., color, code number 130-3317). Rental S8 Irom 
Modern Film Rentals, 2323 New Hyde Park Road, New Hyde Park, New York 1 1040. 
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ACROSS: 

1 . Radiation with wavelengths Just shorter than those of visible light. 

2. Our Galaxy Is thought to be a __ galaxy. 

3. The generally accepted theory of our eKpanding universe. 

4. A radio galaxy is optically an™^(oval) galaxy. 

5. The universe of galaxies expands in accordance with Hubble's 

6. Our Sun resides in the Milky Way . 

7. The nearest large cluster of galaxies is in the constellation 

8. Abbreviation for "Intercontinental" radio interferometry, 

9. A galaxy has a bright, star-Ilka, active nucleus. 

10. The "window" opened by Jansky in 1931-2. 

11. M 101 is one of the__ objects, 

12. Everything In space and time. 

13. Common name for QSRS or QSO. 

14. Unit of length for describing light waves and atoms. 

IB, He showed the "nebulae" to be galaxies in extragalactlc space. 

DOWN I 

16. In some clusters a radio galaxy Is followed by a f^riin _ 

17. The nearest galaxies in the Local Group are the™_ Clouds, 

18. From M87 and 3C 273 there emerges a strange nptmal 

19. The distance between adjacent "crests" of a travelling wave. 

20. A light ray goes this far in vacuum in one iarth-year, 

21 . Dull to relative motion, the. — ™^ Effect changes wavelingths of light, 

22. The UHURU satellite found many sources. 

23. He discovered the expansion of our universe. 

24. A galaxy Is held together by the nf its itars. 

25. M31 is commonly known as the ™^galaxy. 

26. Abbreviation for galaxies In the New General Catalogue. 

27. The Christmas Model accounts for "faster than light" radio sources. 
28 The standard abbreviation for an irregular galaxy, like M82 

(4,) The light from quasars suffirs a large rBri 
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